The in situ ethanol pre-treatment of commercially available polysulfone (PSU) ultrafiltration (UF) membranes resulted in a 3-fold increase in the pure water flux (PWF) values achieved. Techniques that lead to an increase in flux are of both academic and commercial interest. It is postulated that the mechanisms for performance improvement can be attributed to swelling of membrane skin-layers, as demonstrated by changes in thickness measurements, and consideration of polymer solubility parameters, giving a degree of polymer plasticisation. The modification is accompanied by a hydrophobicity increase -this parameter is linked to a greater fouling tendency. Increases in hydrophobicity contrast with the usual effect of ethanol contact, by enhancing the removal of membrane preservatives and polyvinylpyrrolidone (PVP); a common pore-forming agent. Mechanical property changes were not readily detected, whilst the apparently unaltered sub-layer masked more subtle changes occurring within the dense skin-layer. Directing analysis specifically at the skin layer using colloidal AFM probes allowed a decoupling of changes against the support, showing that the elastic modulus was reduced as a consequence of PVP removal and plasticisation. Moreover, regional elasticity probing allowed observation of spatial inhomogeneities in elasticity; occurring due to the removal of the previously unevenly distributed PVP and leading to pitting. Consequently, the effects of pre-treatment with ethanol are shown to offer advantages by maximising the performance of commercial membranes, though such methods must be used with caution. Elasticity changes that occur may be detrimental to performance if carried out at high transmembrane pressures, where compaction could be assisted.
Introduction
Membrane process performance is judged by both selectivity and permeability. Such performance is limited by a number of factors, though none more so than fouling. Strategies to alleviate the effects of fouling generally fall into four broad categories:
• Manipulating process variables to eliminate of minimise fouling. Factors such as refining the membrane material selection, the formulation and synthesis of membranes, mass transfer and fluid dynamic considerations (eg operating below the critical flux) and module design fall into this category.
• Feedstock pre-treatment. This area involves solute chemical adjustment (e.g. conductivity, pH, viscosity, temperature) to adjust solute solubility or affinity for membranes, as well as addition of insoluble particulates to aid filtration.
• Cleaning regime optimisation. Cleaning membranes in place as effectively as possible reduces process down time and chemical consumption. Membranes can also shows synergistic responses following fouling and cleaning, acting to improve process performance cycle on cycle [1] .
• Pre-treatment of membranes prior to operation. Whilst developing new membranes may take years and is an expensive process, modifying already existing commercial membranes can produce 'quick wins', resulting in a lower fouling tendency or an improvement in selectivity [2, 3] .
In the context of this paper, pre-treatment of membranes is regarded as a post-synthesis step prior to filtration. Methods to pre-treat polymeric membranes in this context can be broadly classified as adsorptive treatments or coatings. Lohokare et al. [4] showed that polyacrylonitrile membranes could be modified by aqueous bases, both organic (ethanolamine/trimethylamine) and inorganic (NaOH, KOH).
Permeation of water was enhanced for up to 12 hours for inorganic membrane treatments. However, treatment resulted in an eventual loss of permeability and deterioration in protein rejection performance.
Ma et al. [5] showed that an immersive HCl treatment applied to polyvinyl butyral membranes hydrophilised the surface, and improved permeability. The authors attributed the mechanism of change to acid-catalysed hydrolysis of the polymer.
Treating UF membranes with alcohols or other organic solvents to modify their performance is an underresearched area. A study by Lencki and Williams [6] showed the effects of three non-aqueous solvents on PSU and regenerated cellulose membranes. Treatment with pure ethanol caused a 5-fold decrease in resistance compared to pure water for a 10 kDa PSU membrane, though contrastingly, a 30 kDa PSU membrane showed a 2-fold increase in resistance for the same conditions. The authors attributed the resistance variation recorded to various swelling mechanisms leading to constriction or expansion of pores. Transport processes were modelled using a semi-empirical approach based around a power-law expansion of a common pressure-resistance relationship, and incorporating swelling parameters.
However, the inherent variability of membrane configurations, even those consisting of the same base material, may reduce the usefulness of this modelling approach.
Kochan et al. [7] also showed that up to 3-fold increases in water fluxes occurred for polyethersulfone (PES) and PSU membranes tested in hollow fibres and flat sheet configurations. These substantial flux uplifts were also principally attributed to polymer swelling caused by solvents. Swelling parameters were used as the sole mechanistic explanation, after confirming these membranes showed no changes in wetting properties. This work offered an insight into how ethanol could perform as a treatment agent as opposed to the solute carrying solvent. However, the assumption that swelling is the sole mechanism of flux improvement requires further validation. It has been shown that ethanol modifies contact angles and the apparent zeta potential inside pores, resulting in substantial changes [1, 2] . Understanding why these changes occur is the key, along with a characterisation of the effect of swelling upon both the mechanical and structural properties of the membrane. Modification of chemical compositional changes is also reported.
Materials and Methods

Alcohol pre-treatment in-situ
All membranes were housed in an Amicon-type filtration cell (Millipore, USA) connected to a feed reservoir pressurised by nitrogen gas. UF membranes with a nMWCO of 50 kDa (GR51PP, Alfa Laval, 
Surface and leachate analysis
Membrane wetting properties were measured on air-dried membrane coupons using an OCA 15 Pro 15 goniometer (DataPhysics Instruments GMBH, Germany). 1 µL of deionised water was a placed on the sample and allowed to equilibrate. Contact angle was measured from both sides of droplet images as calculated using the Laplace model of the line extrapolated from the droplet profile. Measurements were performed 5 times on each substrates from replicates of 3 experiments giving mean and standard deviation of n = 15 measurements.
Fourier transform infra-red (FTIR) spectroscopy was performed on membrane surfaces and membrane leachates using a Spectrum 100 (Perkin-Elmer, USA) spectrometer to qualitatively confirm chemical characteristics. For a given sample, 64 interferograms were recorded between 600 cm -1 and 4000 cm -1 wavenumber. For membrane surfaces, peak identification was performed in both Spectrum Express v.1.0 software (Perkin-Elmer, USA) and from relevant literature. For membrane leachate, peaks were identified using Spectrum Express software and compared to spectra of a pure PVP used as a reference standard (obtained from Sigma Aldrich, UK).
Membrane leachate was collected and prepared for FTIR analysis as follows. 100 mL of ethanol was fluxed through 5 pre-conditioned membranes statically under 1.0 bar of pressure in an Amicon-type stirred cell (Millipore, USA). Ethanol was collected and recycled 3 times before being evaporated in an incubator at 40 °C overnight in a petri-dish containing a standard microscope slide. Background spectra for slides were used as a baseline before FTIR analysis of the leachate residue.
Swelling, pore characterisation and polymer dissolution
Membrane swelling was determined by measuring the thickness changes of membranes samples, both control and treated, using a digital micrometer. Pore size distribution was measured using a mercury intrusion porosimeter (Autopore IV, Micromeritics Instrument Corp, USA). Pre-cut strips of freeze-dried membrane were packed in 3 cm 3 penetrometers giving a total sample weight of between 0.5 and 0.6 g.
The sample chamber was evacuated to 100 µmHg before low pressure mercury intrusion analysis (0.54 to 30 psia) and high pressure analysis (30 to 30,000 psia) with 20 seconds equilibration between increments. The pressure range used was sufficient to measure a range from 330 µm down to 6 nm (based on theoretical calculations using the Washburn equation).
Theoretical swelling/dissolution of polymers in given solvents is determined by use of Hansen solubility parameters. The smaller the difference in total cohesive energy density (by accounting for the relative contributions of dispersion ( ), polar ( ) and hydrogen-bonding ( ) forces) the higher the polymer solubility will be in the chosen solvent. The total solubility parameter ( ) is calculated as follows:
Mechanical testing
Macroscopic mechanical properties were tested on a universal testing machine (model 3369, Instron, USA) equipped with a 100 N load cell. Dumbbell shaped cut-outs of membranes were used with narrow section lengths of 30 mm and width 4 mm. Membrane thickness was dependant on treatment type; the mean measured thickness was thus used for calculations. Tensile strength was calculated from the load per cross-sectional area of membrane. Strain was calculated as a percentage of the extension to the original length of the sample using a 1 mms -1 extension rate. Ultimate tensile strength was taken as the maximum tensile strength before breakage. The corresponding strain to this point was termed the strain at break.
Surface elasticity measurements were performed using an atomic force microscope (AFM) (Nanowizard 3, JPK GMBH, Germany). A spherical silica colloidal probe (ca. 8.5 µm diameter) attached to a tipless cantilever (UL-CT-NT, Veeco, USA) using a UV-cured epoxy based glue. Cantilever calibration and blank probe interactions were characterised in 0.1 M NaCl buffer at pH 4.5 against a mica substrate. By subtraction of the deflection (calculated by deformation of the cantilever using Hooke's law) from the total distance moved by the piezo motor in the vertical (z) direction, the degree of indentation was calculated. Using the Hertz model rearranged for the elastic modulus, considering a parabolic tip (hemisphere) to calculate projected contact area, and assuming an isotropic and linearly elastic collision of probe to sample (Poisson's ratio of 0.5), elastic modulus was calculated (see equation 2):
Where is the total force, is the probe radius, is the modulus of elasticity, is Poisson's ratio, and is the degree of probe indentation. Measurements were taken in grids of 3 x 3 points in 9 separate locations (also arranged in a grid) over a 10 × 10 µm area of membrane.
Results and Discussion
Flux uplift and wetting modification
Following alcohol treatment with 100% ethanol, PWF had increased by a factor of three over preconditioned untreated membranes. This increase in flux also correlates positively with membrane hydrophobicity, a change from 74° ± 2° to 85° ± 1°. The lower wettability of the membrane provides some evidence as to why the flux increases; through a rise in slip given the lower adhesion of water molecules directly adjacent to the pore walls. This assumes that any modification occurring on the surface also occurs inside the pores. Argyle et al. [9] showed that the through-pore negative zeta potential decreased upon ethanol treatment of PSU membranes. This indicated that the effect may arise due to a thin film of alcohol remaining on pore walls, resulting in a shielding of the true pore surface charge and consequently a reduction in the streaming potential value.
Water slip increase is the usual explanation given for the order of magnitude increase seen in flow through carbon nanotubes compared to that theoretically predicted by Poiseuille flow [10, 11] . The contact angles measured for these membranes are highly comparable to those systems reviewed by Mattia and Gogotsi [12] and thus give a firm indicator that the degree of water interaction with the surface may also be comparable. Whilst electrochemical effects influence wettability and result in lower energy surfaces, a more multi-faceted explanation is required to explain the changes seen in membrane performance. 
Surface and leachate chemical analysis
Chemical characterisation of membrane surfaces was performed using FTIR. It is unlikely that any modification to PSU would occur due to impurity reaction in the presence of ethanol as a solvent;
nevertheless spectra obtained did display some subtle differences. A comparison of the membrane surface spectra shown in Figure 1a reveals a disappearance of spectral bands at 920 cm -1 and 1040 cm -1 . In addition, a weakening of the band at 2900 cm -1 was evident for treated membranes. Belfer et al. [13] showed that when conducting water/ethanol exchanges on PES membranes, losses in these specific bands could be attributed to the enhanced removal of preservatives. No indication of the specific preservatives was mentioned.
Weis et al. [8] stated that a peak at 1040 cm -1 for a pristine PSU membrane surface spectrum was indicative of an aliphatic alcohol, probably glycerol. Later, these authors introduced the use of 60 °C hot water pre-conditioning as means to reduce the viscosity of preservatives, and remove them from the membranes prior to usage [14] . Employing the same strategy as a pre-conditioning stage in this study (and further with ethanol treatment), clearly shows that additional alcohol treatment yields an enhanced removal of this peak, and thus a more effective removal of glycerol. In this latter study, the authors also stated that a masking of the band 1667 cm -1 was a result of membrane fouling. Membrane spectra here
show that this band is present for the control, but that it is also revealed to a greater degree following ethanol treatment. Therefore the shielding of this peak may well be a result of the applied preservatives, and not as a result of fouling.
Analysis of the dried leachate (a translucent white gel-like layer) and comparison to a chemical library revealed an identical spectrum to that of PVP. Producing a spectrum from a sample of this material showed the near identical resemblance in peak occurrence (Figure 1b) . Since PVP is readily soluble in water (hence its use as a pore forming/swelling agent in membrane fabrication), it would be expected that it would gradually be removed over time, and this removal could be enhanced through use of cleaning-in-place agents commonly used on such membranes e.g. alkalis, acids, hypochlorite and proprietary cleaning agents, as was suggested by Lindau et al. [15] . Observation of the Hansen solubility parameters (as commonly used for optimisation of solvent-polymer systems) for PVP in ethanol shows that the relative distance in the so-called Hansen Space is a factor of 5 closer for ethanol over water (28.7 MPa 1/2 compared to 5.6 MPa 1/2 ) as calculated from equation 1 using data from [16] . This calculation confirms the superior solvency power of ethanol for PVP over water, and thus its ability to intensify removal from the porous network. This provides another fundamental explanation for the PWF performance increase, as well as enhanced removal of a hydrophilic agent from an otherwise quite moderately hydrophilic PSU membrane.
The inclusion of PVP in membrane casting formulations, which some authors have shown can alter the transmission of some key solutes [17, 18] , gives a more hydrophilic membrane, as demonstrated here, and also reported by other workers [19] . There is also an associated increase in membrane surface zeta potential as determined through steaming current measurement made tangentially to the surface [20] .
Figure 1: (a)
Membrane surfaces exhibit subtle differences in surface chemistry following ethanol treatment as determined by FTIR spectra. (b) Membrane leachate is confirmed to be PVP showing that ethanol pre-treatment acts to remove this common pore forming agent.
Swelling and pore size distribution
Sample thickness measurement (Figure 2a) gives an indication that there is a macroscopic expansion of the membrane; the mean value of n = 45 measurements (15 from each membrane section) showing an increased from 140 µm to 156 µm. Employing the unpaired two-tailed Student's t-test under the null hypothesis that there was no change in thickness relating to alcohol treatment returned a value of ≤ 0.01
i.e. a 99% certainty that the null hypothesis can be rejected.
To confirm that the active layer was swelling, the membrane support layer was isolated from the top layer by dissolution in a suitable solvent before drying and immersion in water or 100% ethanol.
Respective thickness of this supports were 193 ± 12 µm and 194 ± 11 µm (global average being 193 ± 11 µm) and confirmed that the polypropylene support was not susceptible to swelling. Membranes following ethanol treatment also showed some flattening and relaxation (they are normally stored in rolls, and thus their natural shape is curved with the top layer on the concave side). Differential swelling of layers of composite membranes such as these has been shown to lead to deformation [21, 22] .
Heffernan et al. [21] demonstrated that a polymeric nanofiltration membrane (polyamide supported on PSU, which was supported on polyester) showed similar relaxation behaviour to the samples examined here. It was demonstrated that the polyamide top layer had swelled to a greater degree than the PS.
The result of the flattening seen in this study also reinforces the hypothesis that the one-dimensional swelling measured also acts principally in the lateral direction, although this expansion is likely to be restricted by the attachment of the active layer to the support substrate. For smaller pores, some differences are apparent offering two potential theories; that either small pores in the membrane active layer are expanded upon treatment, or that elasticity modifications (shown in following section) can influence mercury intrusion porosimetry distribution profiles.
Macroscopic tensile properties
Assessing the macroscopic mechanical properties of materials is a useful means of testing potential for a given application, but also to assess whether treatments have caused any detrimental effects.
Typically, the ultimate tensile strength and elongation (or strain) at break are useful determined. If the material has a low proportionality and elastic limits, and deformation occurs at relatively low stresses, this is a particularly useful measure. Measurements shown here demonstrate that no significant change has occurred either in the ultimate tensile strength of the membrane, or the strain at break point as a result of ethanol treatment (see Figures 3a and 3b ). The strain range over which the true elastic limit can be calculated is also small, and the curves are characterised by a long yield section before breakage. Given the already firm evidence that no changes occur to the support layer, and considering that the presence of this layer is indeed to provide mechanical support, these tests do not give a convincing indication of how the membrane modifications impact the mechanical properties, and hence the filtration capabilities of the membranes. Decoupling of a polyester support from PSU/polyamide has shown that individual layer tensile properties can be differ significantly from that of the composite material, and highlights the importance of being able to focus this type of analysis on the active layer (or layer of most interest) [21] . For the membranes in this study, decoupling the polypropylene support by peeling it away would have resulted in damage, and inconsistencies in sample preparation. Membrane preparation consists of casting one layer onto the other, and thus the membrane exhibits a form of selfadhesion during manufacture. An AFM was therefore used in an attempt to decouple and resolve any suspected mechanical variations, in addition to the differences shown by the other analytical methods. Figure 4a shows the principle of elasticity measurement determination. There is a difference between the total z-displacement as the cantilever moves towards the surface, and the deflection experienced; the difference is accountable by noting there is an indentation of the probe into the surface. The calculated elastic moduli show significantly different values for control and treated membranes (see Figure 4b) . Figures 4c and 4d shows the result of scanning a given area of membrane with a colloidal probe attached to an atomic force microscope cantilever. The results are in stark contrast to the bulk properties shown in Figure 3 . The values are all characteristic of what would be expected of a range of different polymers, though it is suspected that expansion of the porous substructure, removal of PVP from inside the membrane, and plasticisation of PSU would increase the surface elastic properties.
Control Treated
Microscopic elasticity modification
The spatial variation is characteristic of a softening of the material given the drop in elastic modulus.
The rigidity of the polymer is lost in favour of a spongier surface. Whilst the AFM measurements revealed relative consistency on the untreated membrane, there is a more significant variation following treatment; some areas exhibiting elastic moduli of around 0.5 GPa. The variability is a significant point to note and can be related to maldistribution of PVP during membrane casting. This effect was shown by Koga et al. [23] . The authors showed that while a blanket scan using standard attenuated total reflectance FTIR showed consistency on the bulk surface of a PSU dialysis membrane, near-field IR revealed inhomogeneity in the distribution of PVP, with different areas exhibiting between 5% and 40% PVP content to PSU. If PVP is washed from both areas of high and low concentration by ethanol, then one would expect that the underlying foundation resisting the downward force of the AFM probe would also vary, and what the results show is a form of sub-surface pitting. The consistently lower elastic moduli for the treated surface would seem to suggest that the whole structure is indeed softening, though this could be attributed to both a decrease in the overall bulk density (expansion of the matrix) or partial dissolution of the polymer. If the Hansen solubility parameters are once again considered, the relative difference of ethanol to PSU is less than that of water and is predominantly due to the increased dispersive forces in the PSU-ethanol system.
When encountering a higher pressure operation, a softer and spongier porous network would likely lead to compaction and thus constriction of the membrane. Higher water post-treatment water fluxes gained could well turn into a negative effect, when the membrane is in normal usage. 
Conclusions and recommendations
It has been shown that an apparently simple ethanol pre-treatment method employed to increase the 
